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ABSTRACT: Inspired by biological material synthesis, synthetic biomineralization peptides have
been screened through a laboratory evolution using biocombinatorial techniques. In this study,
using the ﬁne examples in nature, silica binding peptides and gold binding peptides were fused
together to form a hybrid peptide. We designed fusion peptides with diﬀerent gold binding and
silica binding parts. First, we have tested the binding capability of the fusion peptides using quartz
crystal microbalance on gold surface and silica surface. Second, S1G1 hybrid peptide enabled
assembly of gold nanoparticles on a silica surface was achieved. Finally, nanomaterial synthesis
ability of the S1G1 peptide was presented by the formation of a silica ﬁlm on a gold surface. In this
study, we are presenting a hybrid peptide tool for nanohybrid assembly as a promising route for
nanotechnology applications.
■ INTRODUCTION
Self-assembly is a key process in nanotechnology for bottom-up
construction of the material systems.1,2 Assembly and
organization of the materials and molecular systems at the
nanoscale are realized by utilizing chemical and physical
approaches.3,4 Although many developments have been
achieved in nanoscience and nanotechnology research, design-
ing molecules for hybrid nanoassembly of the nanoentities on
targeted surfaces is still a challenge. To overcome this
challenge, biological biomolecules, especially peptides, have
been tested as linker molecules to bridge nanomaterial with
solid material surfaces through noncovalent interactions.5−7
Phage display and cell surface display are commonly utilized
biocombinatorial techniques to screen and select peptides
speciﬁc to materials (e.g., metals,8,9 oxides,10,11 semiconduc-
tors,12 minerals,13 and polymers14) to create peptide linkers for
targeted nanomaterials assembly15,16 and materials synthe-
sis.17,18 Material binding peptides were screened and selected to
interact with one type of material surface. However, recently,
individual material binding peptides were fused through a
peptide bond to form a ﬁnal bifunctional peptide. Bifunctional
peptides were utilized for multimaterial assembly,19 multi-
material nanostructure formation applications,20,21 formation of
bioactive surfaces,22 and biomineralization.23 Although these
applications are promising new opportunities for nano-
technology and nanobiotechnology, there is a still need for
understanding the true mechanism of the interaction of the
bifunctional peptides with their target surfaces. In this study,
using the hybrid peptides formed from well-characterized
peptides, we carried out quantitative characterization of the
bifunctional peptides along with examples of their utilization in
nanomaterial assembly and materials synthesis. Biomolecules
have been widely used for synthetic biomineralization and self-
assembly applications.17,24 In this study, a silica forming peptide
that was identiﬁed as the core silica forming motif from a
silaf f in protein isolated from a diatom Cylindrotheca fusiformis,
dubbed SAP1 (silica aﬃnity peptide 1), was used as silica
binding part of the hybrid peptide.25 Also another silica binding
peptide, SAP2, isolated from a phage displayed peptide library
was used for a comparison of their silica binding aﬃnity with
SAP1. Gold aﬃnity peptides (GAP1 and GAP2, GAP3) and a
cysteine were exploited respectively as the gold binding part of
each hybrid peptide.26,27 Six diﬀerent combinations of gold and
silica binding peptides were proposed as hybrid multifunctional
peptides. We did an aﬃnity screening of combinations for their
binding aﬃnity to gold surface and to silica surface. Regarding
the aﬃnity test results, S1G1 peptide was identiﬁed as the best
candidate for further applications. In addition to the molecular
binding characterization of the hybrid peptides, we demon-
strated the nanomaterial assembly and the material synthesis
ability of S1G1. Rational generation of dual functionality
material binding peptides and screening of these peptides using
molecular binding characterization along with functional studies
will open new routes for creation and implementation of
biomolecules based material assemblers and synthesizers.
■ EXPERIMENTAL SECTION
Chemicals and Peptides. Peptides were synthesized (by
Genescript) using Fmoc solid phase peptide synthesis and were
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puriﬁed using reverse phase liquid chromatography to a degree of 95%
purity. Lyophilized peptides were prepared using PBS buﬀer at the pH
adjusted to 7.5. Gold nanoparticles were purchased from (Sigma-
Aldrich, USA) and silica nanoparticles were purchased from
Polysciences, Inc.
Quartz Crystal Microbalance (QCM-D). QCM-D analysis for the
adsorption monitoring of the peptides and real time monitoring of the
nanoparticles assembly was carried out using a quartz crystal
microbalance Q-Sense E1 (from Q-Sense Company, Frolunda,
Sweden). QCM-D analysis of the adsorption of the peptides on
gold and silica surfaces was carried out by ﬂowing the peptide
solutions onto the QCM-D sensors surfaces, which were either gold or
silica coated quartz crystals. Commercially available silica/or gold
coated QCM-D sensors were purchased from Q-Sense. Prior to the
binding analysis of the peptides, sensor surfaces were cleaned as
follows. First, sensors were dipped into a solution containing 2% (v/v)
Hellmanex detergent for 10 min. Sensors were removed and washed
thoroughly with ultrapure water. After rinsing, sensors were dried by
blowing nitrogen to remove remaining water droplets. Peptide
concentrations were adjusted 10, 20, 40, 50, and 100 μM. The ﬂow
rate of the peptide solution was adjusted to 10 μL/min. After each run,
for the adsorption of peptides on silica or gold surfaces, weakly bound
molecules were removed by excess washing with PBS buﬀer solutions
until the signal reached equilibrium. After each run, the instrument was
ﬂushed through with Hellmanex detergent 2% (v/v) and with DI
water.
For the aﬃnity calculations, peptide adsorption isotherms were
analyzed using a single exponential Langmuir equation explained in
previous work.28 Additionally, calculations of adsorbed ﬁlm thickness
of the layer-by-layer assembled peptide−nanoparticle layers were
realized using a viscoelastic modeling approach; details and theory of
the method are given in the Supporting Information.
Gold Nanoparticle Assembly. Multilayered gold nanoparticle
assembly was monitored using QCM-D. First, 100 μM of S1G1
peptide dissolved in PBS buﬀer (pH 7.4) was sent over the silica
coated sensor surface. Following saturation of the surface with the
peptide from the QCM-D signal, nonspeciﬁcally and poorly bound
peptides were removed from the sensor surface by washing the surface
with PBS buﬀer. Later 25, 50, and 100 μM 15 nm AuNP particles were
ﬂown on the surface; after each step, unbound gold nanoparticles were
removed from the surface by excessive washing with PBS buﬀer.
Collected data was analyzed with the Q-Tools software provides along
with the QCM-D instrument. Details of the ﬁlm thickness calculations
using the QTools software can be found in the Supporting
Information.
Synthesis and Characterization of the Biosilica Film. Biosilica
ﬁlm was formed on 100 nm gold coated on silicon surface. Gold
surface was ﬁrst cleaned with isopropanol and rinsed with DI water.
Then 100 μM of S1G1 peptide in PBS buﬀer was drop-casted on gold
surface and incubated in a humidity chamber for 4 h. Loosely bound
peptides were removed by rinsing with PBS buﬀer. Silane precursor
was prepared as described earlier.25 First, 1 M tetrahydroxysilane was
formed by preparing tetramethyl orthosilicate (TMOS) in 1 mM HCl.
Next, 1 M tetrahydroxysilane was diluted with phosphate-citrate buﬀer
(pH 8). Then 100 μL of the silane solution was added onto the
peptide decorated gold surface and incubated 10 min for silica
formation. Finally, the sample was thoroughly rinsed with DI water.
Samples were used for further characterization with atomic force
microscopy (AFM), scanning electron microscopy (SEM), and X-ray
photoelectron spectroscopy (XPS).
AFM imaging of the samples were conducted with a PSIA-XE-100
instrument under the tapping mode. The images were taken from a 5
μm × 5 μm area. The recorded images were analyzed using the image
analysis program PSIA, and a line proﬁle of the image was plotted
using this program. Large area coverage and morphological analysis of
the samples was carried out using a FEI Quanta 200 FEG scanning
electron microscope, and XPS measurements using a K-Alpha-Thermo
instrument.
■ RESULTS AND DISCUSSION
Hybrid peptides composed of a gold binding peptide and a
silica binding peptide were proposed. They were tested for their
binding aﬃnities on a silica surface and on a gold surface. To
combine a silica binding peptide with a gold binding peptide, a
linker peptide was used to prevent any loss in the aﬃnity of the
individual peptides during their interaction with the given solid
surface. GSGSG peptide was used as a universal ﬂexible linker
for our designs because it is also widely used in peptide display
libraries as well as in protein engineering studies. Peptide
linkers provide ﬂexibility to the ﬁnal hybrid peptide sequences
while they are bridging them together. The sequence
information of the dual functionality peptides and their
corresponding nomenclatures are given in Table 1 (a detailed
list can be found in Table S1 inSupporting Information). The
binding aﬃnity of each hybrid peptide to gold surface or silica
surface was tested using quartz crystal microbalance with
dissipation monitoring (QCM-D), and raw data for binding
interactions of the peptides with gold or silica surface is
presented in Figure S1 and dissipation data can be found on
Figure S2. The adsorption data ﬁtted to a single Langmuir
adsorption model of the following hybrid peptides S1G1 and
S1PG1 are presented in Figure 1, whereas the adsorption data
of S1G2, S1G3, S1C, and S2G1 ﬁtted to the same model as
shown in Figure 2. Calculated binding aﬃnity constants and
binding free energies of the peptides are presented in Table 2.
Our initial experiments were designed using the S1G1 as the
starting peptide. Individual part of the S1G1, gold binding
peptide (GAP1) part and silica binding peptide part (SAP1)
were previously analyzed. Gold binding aﬃnity of GAP1 was
found high using a quantitative approach29 whereas its cross-
speciﬁcity to silica was probed qualitatively and found to be
very low.30 SAP1 peptide was investigated qualitatively using
ﬂuorescence microcopy21 and by silica nanoparticle assembly
capacity,25 similarly its cross-speciﬁcity to gold surface was
shown very low qualitatively by ﬂuorescence microscopy
analyses.21
QCM-D studies revealed that S1G1 peptide has a binding
aﬃnity constant of 20 ± 2.5 μM to the gold surface and 1 ± 0.2
μM to the silica surface. S1G1 peptide has a better binding
aﬃnity to silica compared to the gold surface. GAP1 and SAP1
peptides are both positively charged. This is important for the
interaction of the peptides with the silica, as silica is negatively
charged under the given conditions, in PBS buﬀer at pH 7.
The comparison of rigid versus ﬂexible linker usage was
tested for its eﬀect on binding aﬃnity. The ﬂexible GGSGSG
Table 1. Amino Acid Sequences of the Hybrid Peptides and
Their Corresponding Sample Codes
hybrid code SBP-linker-GBP
pI (pH
scale)
total
charge
S1G1
(SAP1-GAP1)
SSKKSGSYSGSKGSKRRIL-
GSGSG-MHGKTQATSGTIQS
11.2 +7
S1G2
(SAP1-GAP2)
SSKKSGSYSGSKGSKRRIL-
GSGSG-VSGSSPDS
10.5 +5
S1C (SAP1-C) SSKKSGSYSGSKGSKRRIL-
GSGSG-C
10.5 +6
S1G3
(SAP1-GAP3)
SSKKSGSYSGSKGSKRRIL-
GSGSG-HHHHHH
11.2 +6
S2G1
(SAP2-GAP1)
HPPMNASHPHMH-GSGSG-
MHGKTQATSGTIQS
8.8 −1
S1PG1
(SAP1-P-GAP1)
SSKKSGSYSGSKGSKRRIL-
PGPGP-MHGKTQATSGTIQS
11.2 +7
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linker residues between the gold binding and silica binding
parts of the hybrid peptide were replaced with a rigid linker,
PGPGP. The rigidity of the PGPGP linker arises from extended
structures resulting in elbow bending dynamics and proline
turns.31 S1PG1 peptide derived from S1G1 peptides by rigid
linker replacement. S1PG1’s silica binding aﬃnity was
compromised, whereas the binding aﬃnity to the gold surface
remained same. Introducing a rigid linker can decrease the
degree of freedom of the hybrid S1PG1 peptide on silica and
gold surfaces. Further design of the hybrid peptides was carried
out using GSGSG linker to bridge the silica binding and gold
binding peptides to build the hybrid peptides.
Figure 1. Adsorption data points of the S1G1 (A) and S1PG1 (B) peptides ﬁtted to a single Langmuir adsorption model. The eﬀect of using a rigid
vs soft linker on the binding aﬃnity of the hybrid S1G1 peptide is presented. Red dots and dark blue dots represent the frequency shifts upon mass
deposition on the QCM-D sensor during the adsorption of the peptides on a gold coated sensor surface or a silica coated sensor surface, respectively.
Continuous red lines and dark blue lines are the model ﬁts to the adsorption data points of peptides on gold or silica surface, respectively. Error bars
represent standard deviations from three independent adsorption experiments at each concentration.
Figure 2. Adsorption data points of the S1G2, S1G3, S1C, and S2G1 peptides on silica and gold surfaces. Gold binding part of the S1G1 hybrid
peptide was changed in (A), (B), and (C). Silica binding part of the S1G1 peptide was changed in (D). Data points are ﬁtted to a single Langmuir
adsorption model. Red dots and dark blue dots represent the frequency shifts upon mass deposition on QCM-D sensor during the adsorption of the
peptides on a gold coated sensor surface or a silica coated sensor surface, respectively. Continuous red lines and dark blue lines are the model ﬁts to
the adsorption data points of peptides on gold or silica surface, respectively. Error bars represent standard deviations from three independent
adsorption experiments at each concentration.
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Other hybrid peptides with diﬀerent gold binding motifs,
namely GAP2 and GAP3 were designed for aﬃnity screening
too. Additionally, instead of gold binding peptides, a single
cysteine was used as the gold binding part in S1C peptide. Both
GAP2, and GAP3 peptides are negatively charged and
uncharged respectively. Gold binding aﬃnity of the S1G2
peptide and S1C peptide were found lower compared to the
binding aﬃnity of S1G1. This might be observed due to the
lower binding aﬃnity of cysteine and GAP2 peptide to gold
surface. S1G3 peptide which contains six histidine residues as
gold binding domain was expected to have a good aﬃnity to
gold surface. Because histidine has an imidazole ring that is
known to form a strong complex with semiconductors, metal
ions and metal surfaces.32 In general gold binding aﬃnities of
all hybrid peptides were found lower compared to the native
GAP1 and S1G1 peptide. Also the gold binding aﬃnity of the
S1G1 was found lower compared to the GAP1. These ﬁndings
are indicating a constraint on the ﬁnal hybrid peptide forms
triggered by the attachment of two diﬀerent peptides together.
It was previously investigated that depending on the
composition of the residues within a peptide, a structural
constraint could led in a loss or a gain in binding aﬃnity to a
given solid material surface depending on amino acid chain.33,34
Silica binding peptide part of S1G1 was replaced with SAP2
silica binding peptide and S2G1 peptide was formed. SAP2 is a
silica binding peptide that was selected from phage displayed
peptide library.35 The gold binding aﬃnity of the S2G1 is
higher compared to the S1G1 peptide, but there is a dramatic
decrease in the aﬃnity of the peptide to the silica surface. The
SAP2 peptide contains two methionine residues. Methionine
residues were reported for their active role in gold binding
aﬃnity previously.36 So, methionine residues of SAP2 peptide
could have increased the gold binding aﬃnity of the S2G1
peptide. However this nonspeciﬁc increase in binding aﬃnity is
unwanted.
Analysis of the peptide ﬁlms showed that hybrid peptides are
forming rigid ﬁlms both on the gold and silica surfaces. QCM-
D dissipation data given in Figure S2 in Supporting Information
presents a low degree of water entrapment within the peptide
ﬁlm on silica/gold surface. This is a good indication that
peptides form intact and resistant structures similar to that of
self-assembled monolayers of the chemical thiols and silanes.37
Molecular interaction studies revealed that S1G1 is a strong,
selective binder for gold and silica surfaces. Additionally, the
speciﬁcity of the silica binding part (SAP1) and gold binding
part (GAP1) of S1G1 was demonstrated as noted pre-
viously.21,38 Our search results for aﬃnity screening of hybrid
peptides with varying silica or gold binding peptides has
indicated S1G1 as a good candidate for nanohybrid materials
formation and building nanosystems. Surface coverage
calculations for the peptides given in Figure S4 in Supporting
Information also validate S1G1 as a suitable peptide for
nanohybrid assemblies with having a large surface coverage
fractions on both silica and gold surfaces.
Following the molecular interaction studies of S1G1, S1G1
peptide was utilized as an assembler for gold nanoparticle
immobilization. First the silica surface was decorated with S1G1
peptide which was followed by the addition of gold
nanoparticles (AuNPs). Assembly of S1G1 and AuNPs on
the silica surface was monitored using QCM-D. Collected
adsorption data for real time assembly of AuNPs is presented in
Figure 3. A viscoelastic model was ﬁtted to the frequency
change data and dissipation change data upon mass deposition
collected by QCM-D. Using the viscoelastic modeling, Voigt
model, the thickness of the gold nanoparticle ﬁlm was
calculated as ∼34 nm.39,40 AuNPs with an increasing
concentration ﬁlled the empty adsorption sites on the S1G1
assembled silica surface until equilibrium was reached. As the
ﬁlm was formed laterally, the amount of water molecules
captured increases. This was reﬂected as an increase in the
dissipation change in Figure 3A. The peptide ﬁlm thickness of
the 100 μM S1G1 deposited on silica coated QCM-D sensor
was ∼2 nm. However, when 25 μM AuNPs were injected onto
the sensor surface, not a visible change was observed in the
dissipation; this might be because a very low number of
nanoparticles were captured on the surface. However, when
Table 2. Binding Aﬃnity Constants of the Hybrid Linkers on
Gold and Silica Surfaces, Probed With QCM-D
on gold surface on silica surface
peptide KD (μM) ΔG (kcal mol‑1) KD (μM) ΔG (kcal mol‑1)
S1G1 20 ± 2.5 −6.0 ± 0.7 1.0 ± 0.2 −8.1 ± 0.1
S1G2 58 ± 17 −5.8 ± 0.2 2.5 ± 0.2 −7.6 ± 0.1
S1C 87 ± 39 −5.5 ± 0.3 1.4 ± 0.2 −8.0 ± 0.1
S1G3 24 ± 2.6 −6.3 ± 0.1 2.7 ± 0.2 −7.6 ± 0.3
S2G1 9.7 ± 1.0 −6.8 ± 0.2 323 ± 7 −6.4 ± 0.2
S1PG1 24 ± 1.0 −6.3 ± 0.1 100 ± 27 −5.4 ± 0.2
Figure 3. (A) Assembly of the gold nanoparticles on a S1G1 decorated
silica surface. Real time adsorption data using quartz crystal
microbalance dissipation monitoring; black lines represents the ﬁtted
viscoelastic model to the data points. (B) Gold nanoparticle ﬁlm was
formed on the S1G1 coated gold surface. Gold nanoparticle ﬁlm
thickness is increasing upon adsorption of the additional gold
nanoparticles as a function of increasing gold nanoparticle
concentration. Using the raw data in (A), gold nanoparticle ﬁlm
thickness was calculated.
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increasing the concentration by 2-fold, a dramatic increase in
the dissipation was observed which was reﬂected as ∼16 nm of
increase in the ﬁlm thickness, and increasing the AuNPs by 4-
fold the ﬁnal ∼34 nm thickness was reached. Control
experiments (given in Figure S3 in the Supporting
Information) veriﬁed that the S1G1 modiﬁcation of silica
surface dramatically increased the amount of assembled gold
particles on silica surface.
S1G1 peptide was also demonstrated as a material
synthesizer using its multifunctionality both for assembly and
material synthesis at the same time. To do so, silica formation
was tested on a gold ﬁlm for using the multifunctionality of the
S1G1 peptide. S1G1 was ﬁrst assembled on gold surface by
drop-casting, following the washing steps to remove loosely
bound excess peptide from the surface. Silica precursor
molecule, hydrolyzed TMOS in 1 mM HCl, was put on
preformed S1G1 layer. The SAP1 part of the S1G1 peptide was
expected to react with silane precursor and catalyze the
formation of the silica. After its contact with the surface
immobilized S1G1 peptide, silica formation was initiated and
ﬁnalized by washing the precursor after 10 min of incubation.
The removal of the precursor is crucial to prevent amorphous
gel formation of unreacted silane precursor. Formation of the
silica ﬁlm was validated with XPS as given in Figure 4.
Unmodiﬁed gold surface was used as the control group. XPS is
a surface technique, so any ﬁlm formation on the surface will be
represented as a change in the initial surface signal intensity.41
In the XPS analysis, the C 1s reference peak is set at 285 eV.
The silica formation on Au is conﬁrmed by XPS results. The
peak at ∼103.97 eV belongs to SiO2, and its presence is also
conﬁrmed by the presence of an oxygen peak at ∼533.33 eV.
We have also observed a shift in Au peaks by 0.2 eV in
comparison to the control sample, suggesting S1G1 binding to
Au. Intensity of Au peak has decreased by huge amount,
suggesting a thick silica ﬁlm formation. Topography and
structure of silica ﬁlm formed on gold surface were investigated
using AFM and SEM. AFM analysis revealed that silica ﬁlm was
formed. The focused SEM image in Figure 4F shows that
continuous silica ﬁlm was formed with a continuous nano-
particle assembly-like morphology. This observation is in
agreement with previous ﬁndings that suggests SAP1 is forming
silica nanoparticles.25 The SEM image veriﬁes that silica ﬁlm
was formed as a densely packed ﬁlm of silica nanoparticles with
an approximate size of 50 nm.
■ CONCLUSIONS
Proteins play a vital role in the biomaterial formation within the
living organisms in the form of hard tissues. To mimic Nature’s
way for material formation, combinatorial libraries of phage and
bacteria displaying short peptides have been screened and
selected for both material synthesis and nanomaterial assembly.
Here the design and implementation of a dual functionality
peptide for nanohybrid assembly was presented. All of the tests
for the binding aﬃnity were carried out under the assembly
conditions of the peptides for possible nanotechnology
applications. Silica aﬃnity peptides and gold aﬃnity peptides
were combined together through a ﬂexible linker. Variations of
silica binding peptides and gold binding peptides hybrids were
formed and tested for their binding aﬃnities to a silica surface
and to a gold surface. S1G1 hybrid peptide was selected as the
ﬁnal hybrid peptide. Dissipation change recorded during the
adsorption of the peptides on silica/gold surface during QCM-
D experiments showed that peptide ﬁlms contain a low amount
of water; in other words, tight peptide ﬁlms are formed on the
silica/gold surface. This low degree of water entrapment may
trigger the homogeneous peptide layer adsorption on the
materials surfaces. Previous studies on the supramolecular
assembly of the GAP1 peptide on the gold surface have
revealed that the growth of the peptide ﬁlm goes through a
series of transitions.42 First, GAP1 peptide molecules are
adsorbed on the surface and as a function of the increasing
peptide concentration islands are formed. Second diﬀusion
Figure 4. XPS analysis of the S1G1 enabled silica ﬁlm on gold surface. (A) Decay of the gold signal upon deposition of silica on gold surface by the
catalysis of S1G1. (B) Oxygen signal from silica ﬁlm. (C) Silica signal from silica ﬁlm formed. (D) AFM image of the biosilica nanoparticle ﬁlms
formed on the gold surface catalyzed by the S1G1. (E) SEM image of the biosilica ﬁlm formed on a large area. (F) Zoomed in morphology of the
densely packed biosilica nanoparticles forming continuous biosilica ﬁlm.
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process takes place and ﬁnally ﬁber networks of the peptide
layer are formed to cover the surface. The ﬁnal peptide ﬁlm has
a low degree of the surface roughness on the given solid surface.
These properties of the peptide ﬁlm may help the formation of
a tight surface structure.
Multifunctional linker design for nanohybrid assembly needs
complex work and optimization. Here we proposed and
implemented a rational route for this design and presented
the dual functionality of the peptide. This approach can be
extended and be utilized for the design of new generation
hybrid functional peptides, while the speciﬁcity of each peptide
is being conserved. Multifunctional peptides will enable
creating complex nanostructures at single step or hybrid
materials synthesis in a single pot. On-chip applications for
optoelectronics, bionanotechnology, and biomedical assay for
diagnosis can beneﬁt a lot from single step nanoassembly
enabled by hybrid peptides.
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